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Abstract 

A major obstacle in investigating the biosynthesis of pharmacologically important peptide antibiotics is the heterologous expression of 
the giant biosynthetic genes. Recently, the genetically engineered strain Bacillus subtilis KE30 has been reported as an excellent surrogate 
host for the heterologous expression of an entire nonribosomal peptide synthetase (NRPS) gene cluster. In this study, we expand the 
applicability of this strain, by the development of four Escherichia coli/B. subtilis shuttle expression vectors. Comparative overproduction 
of hybrid NRPS proteins derived from both organisms revealed a significant beneficial effect of overproducing proteins in B. subtilis 
K.E30 as underlined by the production of stable nondegradative proteins, as well as the formation of active phosphopantetheinylated 
holo-proteins. 

© 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V, All rights reserved. 
Keywords: Nonribosomal peptide synthetase; Heterologous expression; T5 phage promoter; Bacillus subtilis 



1. Introduction 

Nonribosomal peptide synthetases (NRPSs) are com- 
plex multimodular enzymes that catalyze the biosynthesis 
of many pharmacologically important peptides. Significant 
information about these giant meg a -enzyme complexes 
could be obtained from investigation of NRPSs derived 
from genus Bacillus [3 4]. Several gene fragments originat- 
ing from this organism could be successfully expressed in 
the heterologous host Escherichia coli, and the encoded 
NRPS domains and modules could be biochemical char- 
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acterized [5-7]. However, although many techniques are 
available for E. coli, several limitations for heterologous 
expression of NRPS genes have been encountered. 

In E. coli, the major challenge regarding overproduction 
of multimodular NRPSs is the ability to synthesize these 
giant proteins in a properly folded way [8,9]. Other en- 
zymes iu^j^-ph osphogantetheinyl transferases (PPTases) 
and (type II thidesTeTases), whose genes are associated with 
NRPSH5iosynthetic gentTcluster, also play an important 
role in nonribosomal peptide (NRP) formation such as 
posttranslational modification and editing of misprimed 
pep tidy] carrier protein (PCP) domains. Phosphopante- 
theinylation of PCP domains is catalyzed by specialized 
PPTase, which is usually not present in commonly used 
E. coli host strains [10,11]. Bacillus subtilis, a natural pro- 
ducer of NRPs, harbors a corresponding PPTase gene, 
whose gene product, Sfp, is responsible for the apo-to- 
holo conversion of PCP domains [2]. Plowever, a draw- 
back of gene expression here is the instability of recombi- 
nant plasmids in B. subtilis. This leaves chromosomal in- 
tegration the only suitable way to stably maintain cloned 
genes in this organism [12,13]. 

In the presented study, a shuttle vector system was de- 
veloped that allows parallel gene expression in E. coli and 
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B. subtil is. While the plasmids are self-replicating in E. coli, 
a stable copy of the cloned gene is maintained by chromo- 
somal integration in B. subtilis KE30, a recently reported 
surrogate host for heterologous overexprcssion of an en- 
tire NRPS gene cluster [14]. The tightly regulated, isopro- 
pyb(3-i)-thiogalactoside ( I PTG)- inducible T5 P N 2„s phage 
promoter controls gene expression in both organisms 
[15,16]. In order to demonstrate the superiority over 
E. coli, we show the production of nondegradative, post- 
translationally modified NRPS hoi o -proteins in B. sub t His. 
We believe that in combination with a developed E. coli 
cloning system, the constructed shuttle vectors may facil- 
itate access to the production and manipulation of so far 
unattainable NRPS systems. 

2. Materials and methods 

2.1. Strains and growth conditions 

E coli was grown in rich medium 2xYT or [17]. 
B. suhtilis was grown in 2 X YT or Difco Sporulation me- 
dium [18]. For Bacillus cultures erythromycin, lincomyein, 
chloramphenicol and kanamycin were used at final con- 
centrations of 25, 1, 5, 10 u,g ml" 1 , respectively. In E. coli, 
kanamycin and ampicillin were used at final concentra- 
tions of 25 and 100 pg ml"" J , respectively. 

2.2. PCR amplification and plasm id construction 

DNA was amplified from chromosomal DNA of the 
surfactin producer B. subtilis ATCC 21332. PCR amplifi- 
cation and DNA manipulations were performed as de- 
scribed previously [14]. 

Plasmids pSD193, pSD270, pKE151 and pKE170 are 
derivatives of pKE18 [14]. A 146-bp fragment was ampli- 
fied from plasmid pQE60 (Qiagen, Hilden, Germany) us- 
ing the oligonucleotides (restriction sites for subsequent 
cloning in bold, modified sequences in underlined, further 
restriction sites in italic) 5'-AAT_ACA TGT CCT TTC 
(.; TC TTC At C TC-3' (5'T5(Mv/d)) and 5' -T GG A CC 
CAT GCT AAT TTC TCC TCT-3' (3T5(/Va;I», modi- 
fied with Nsp\ and Ncol and ligated into pKE18 (Sphll 
Ncol), to give pSO 181. A 1 10- bp DNA fragment was am- 
plified from plasmid pQE70 using the oligonucleotides 
5'- AAA CCA T GG GCA TCC GAG GAT CCT G-3' 
(5'pQE70-MCS(jV™l)) and 5'-TAT AGA TCT CTG AGG 
TCA TTA CTG G-3' (3'pQE70-down/fa 6 (5g/II)) modi- 
fied with Ncol and BglU and ligated into pSD181 (Ncol/ 
BantlU), to give pSD185. The 1494-bp kan resistance cas- 
sette was amplified from pDG783 [19] using the oligonu- 
cleotides 5'-AAT CTG CAG AGC GAA CCA TTT GAG 
GTG A-3' (5'kan(Pst\)) and 5 ATA CTG CA G ATA 
CAA ATT CCT CGT AGG C-V (Vkan(Pstl)) modified 
with / J .v/I and ligated into pSD185 (Pstl), to give pSD193. 

For construction of pSD270, pSD185 was re- amplified 



using inverse PCR with the oligonucleotides 5'-GGC_GTT 
AAC GGA TCC GGA TCT CA-3' (5'psrtT5///w 6 (/7/;0i)) 
and 5'-AAG G TT AA C TCG CAT GCC CAT G-3' 
(3 , psrfT5/IIis 6 (npai)). The 6707-bp DNA fragment was 
terminally modified with HpuA and Dpnl and religated to 
give pSD237. pSD237 was treated with Pstl and the kan 
resistance cassette was inserted in an analogous way to 
pSD193. The resulting plasmid was designated pSD270. 
For the construction of pKE151 and pKE170, alternative 
multiple cloning sites (MCSs) were integrated using short 
DNA fragments containing 5' and 3' sticky-ends of the 
corresponding restriction sites. For this purpose, the de- 
signed oligonucleotides were phosphorylated using poly- 
nucleotide kinase, denaturated at 95°C and subsequently 
annealed at 4°C. After phosphorylation and annealing of 
the oligonucleotides 5-AAT TCA TTA AAG AGG AGA 
AAT TAC ATA TGG GCA TGC TTA ATT AAG-3' 
(5'MCS(Ndel)) and 5'-GAT CCT TAA TTA AGC ATG 
CCC ATA TGI AAT TTC TCC TCT TTA ATG-3' 
(3'MCS(/WM)), the DNA fragment was ligated in 
pSD270 (EcoRU BamUl) to give pKE151. For the con- 
struction of pKE170, the phosphorylated and annealed 
oligonucleotides 5 -TAT GGG CAT GCG GCT AGC 
GG-3' (5'MCS(ATM)) and 5'-GAT CCC GCT AGC 
CGC ATG CCC A-3' (3'MCS(Mm?I)) were ligated in 
pKE15i (NdellBamHl). An internal 4927-bp DNA frag- 
ment, part of srf A- B, was amplified using the oligonucleo- 
tides 5' - TAA GCA TGC TTT CAT CTG CAG AAA C-3' 
(5'AspLeu srfB(Sphl)) and 5 - AAT GGA T CC TTC GGC 
ACG CTC TAC-3' (3'AspLeu srfB(BamUl)) and modified 
with Sphl and Bamlll. pQE70 (Qiagen, Hilden, Germany) 
was digested in the same manner and both fragments were 
ligated to give pSD142. 

A 1332-bp DNA fragment, part of srJA-A, was ampli- 
fied using the oligonucleotides 5 '- TAT GC A TGC AAA 
TAA CTT TTT ACC CTT-3' (5'srfAl-C(Sphl)) and 
5'- ATA CTG CAG CAG AAA TCA GTG TTA ATT 
CA-3' (3 f srfAl-C(Pstl)) modified with Sphl and Pst\ and 
ligated into pSD142 (SphllPstl) to give pSD164. The 
6243 -bp gene was cut out from pSD164 using Sphl and 
BamWl. The fragment was ligated into pSD193 and 
pKE170 (Sphll Bamlll) to give pSD197 and pKE203, re- 
spectively. 

2.3. Trans) 'b rma t ion of B. s ub tills 

Transformation of B. subtilis was performed as de- 
scribed previously [14]. 

2.4. Expression in E. coli 

Expression of the recombinant NRPS system in E. coli 
was carried out after transformation of pKE203 in 
M15[pREP4]. Expression was carried out as described pre- 
viously [3,20]. Cells were broken by two passages through 
a French Press cell (Amicon). 
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2.5. Expression in Bacillus 

Pre-warmed 2 X YT medium (400 ml) was inoculated 
1/100 with an overnight culture of the corresponding 
Bacillus strain and allowed to grow at 30°C under rigorous 
shaking to an optical density of ^oo 0.7. Cells were 
induced with 0.1 mM IPTG and were grown for an 
additional 2 h before being harvested. Cells were pel- 
leted by cent rifugat ion, resuspended in 5 ml of SMM + 
buffer (20 mM sodium malonate, 20 mM MgS0 4 , 500 
mM sucrose, 0.5 mg/ml lysozyme, pll 6.5) and subse- 
quently incubated at 37°C for 45 min. Protoplasts were 
broken by three passages through a French Press cell 
(Amicon). 

2.6. Purification of recombinant NRPSs using IMAC 

The purification of ///Vtagged proteins was performed 
using Ni 2-1 -affinity chromatography [6]. Expression and 
purity were determined by SDS-PAGE using Laemmli 
gel systems [21]. Concentrations of proteins were deter- 
mined by Bradford test [22]. 

2.7. Purification of a recombinant dimodular NRPS from 
the strain SDK) 

All following steps were carried out at 4°C. The super- 
natant, obtained after centrifugation of lysed B. subtilis 
cells, was subjected to a 55% ammonium sulfate precipi- 
tation. The precipitate was pelleted by centrifugation, the 
pellet was resuspended in 2 ml of buffer A (50 mM 
HEPES, 100 mM sodium chloride, pH 6.5) and dialyzed 
against 100 volumes of the same buffer for 4 h. The solu- 
tion was applied to a HiLoad™ 26/60 Superdex 200 col- 
umn (Amersham Pharmacia Biotech, Freiburg, Germany) 
previously equilibrated to buffer A. Elution of the proteins 
was performed isocratic at a constant flow rate of 5 ml 
min"" 1 . Fractions containing the recombinant protein were 
identified by SDS-PAGE [21], and pooled (as repeated 
after each purification step). The obtained sample was 
applied to a HiLoad™ 26/10 Q-Sepharose column (Amer- 
sham Pharmacia Biotech, Freiburg, Germany) previously 
equilibrated to 10% buffer B (50 mM HEPES, 1 M sodium 
chloride, pH 6.5). The flow rate was 0.5 ml min" 1 , and 
elution of proteins was accomplished by applying a linear 
gradient to 100% buffer B from 10 to 50 min. Subse- 
quently, the protein pool was dialyzed against 100 vol- 
umes buffer C (50 mM HEPES, 1 M ammonium sulfate, 
pH 7.0) for 4 h. Following centrifugation, the sample was 
applied to a HiLoad m 26/10 Phenyl Sepharose column 
(Amersham Pharmacia Biotech, Freiburg, Germany) pre- 
viously equilibrated to buffer C. The flow rate was 2 ml 
min "\ and elution of proteins was accomplished by ap- 
plying a linear gradient to buffer D (50 mM HEPES, pH 
7.0). 



2.8. ATP-pyrophosphate exchange assay 

In order to test the adenylation activity of the recombi- 
nant hybrid NRPSs, amino acid-dependent ATP-pyro- 
phosphate exchange assays were performed as described 
previously [6]. 

2.9. Assay for detection of covalent amino acid 
incorporation 

In order to measure covalently bound amino acids, and 
to access the degree of apo-to-holo conversion of the re- 
combinant hybrid NRPSs, a thio ester formation assay was 
carried out as described previously [6]. 

Using the recombinant dimodular NRPS overproduced 
in B. subtilis SD10, dATP instead of ATP was used. Fur- 
thermore, on account of the lower protein concentration 
only 200 nM of enzyme could be used. 

2 AO. In vitro modification of the PCP domain 

To convert apo-forms of PCP domains to their active 
holo-form, proteins were phosphopantetheinylated in vitro 
using the recombinant PPTase Sfp as described elsewhere 
[10]. 

3. Results and discussion 

3.1. Construction of a set of E. colli B. subtilis shuttle 
vectors 

In the presented study, we describe the construction and 
utilization of a set of four newly developed E. colli B. sub- 
tilis shuttle vectors, designated pSD193, pSD270, pKE151 
and pKE170 (Fig. 1). The following five prerequisites were 
imposed on the construction of the shuttle vectors: (1) in 
B. subtilis, maintenance of a stable copy of the cloned gene 
should be achieved by chromosomal integration; (2) to 
benefit from sophisticated E. coll cloning techniques, the 
vectors should contain an E. coli origin of replication; (3) 
an unique promoter, functional in E. coli and B. subtilis, 
should allow the parallel expression of genes in both or- 
ganisms; (4) expression should be tightly regulated until 
induction; and (5) in optimized distance to a ribosomal 
binding site (RBS), an ATG start codon should allow ex- 
pression of gene fragments that lack a native start codon. 

In order to meet those demands the following genes and 
features were introduced into the different shuttle vectors: 
1. All vectors contain the genes yckGH (2.5 kb) and ycxA' 
(0.9 kb), which are used to facilitate a stable integration 
in the sr/^-deletion strain B. subtilis KE30 [14]. Double 
crossover integration takes place into the former sr/A 
chromosomal locus and can be monitored by selectable 
markers (see Fig. 2). 
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Nco\ Sph\ eamHIStop 

CCAT<SGGCATGCGAGGATCC T GA 



pSD193 



Nco\ Sph\ Hpa\ BamHI HisHisHisHisHisHisStop 

CCATGGGCATGC GA GTTAACGGATCC GGATCTCATCACCATCACCATCACTAA pSD270 



A/del Sph\ Pad Stop 

CATATGGGCATGCTTAATTAA 



pKE151 



Nde\ Sph\ Nhe\ SamHI HisHisHisHisHisHisStop 

CAWOGGCATGC G GCTAGC G GGATCCG GATCTCATCACCATCACCATCACTAA pKE1 70 



Pn25, /ac-operator, RBS 
ycxA' 



yckGH 




\ColE1 



pSD193, p.SD270, 
pKE151, pKE170 
(8.3 kb) 



Fig. I. Physical map of the E. colilB. subtilis shuttle vectors pSD193, pSD270, pKELSl and pKE170. Shown are the 5' and V homologous regions for 
integration to the former srfA locus in B. subtilis KE30 (yckGH and ycxA'), the E. coli ColEl origin of replication, the resistance markers bla and kan, 
conferring ampicillin and kanamycin resistance, respectively. Indicated as an arrow is the site of T5 Pn25 phage promoter, the lac operator, as well as 
i he location of the RBSI1 location. The relevant nucleotide sequences of the multiple cloning sites, His6-tag coding region and stop codon in pSD193, 
pSD270. pKE151 and pKE170 are shown in detail. 



2. In E, coli, the plasmids arc self-replicating and can be 
selected for ampicillin and kanamycin resistance. 

3. In the constructed vector systems, expression of cloned 
genes is maintained under the control of the T5 Pn25 

B. subtilis KE30 



phage promoter. In contrast to the phage promoter Tl, 
which is recognized by the inherent phage RNA poly- 
merase, the T5 promoter is also accepted by the vege- 
tative E. coli RNA polymerase [15]. Beyond, the T5 



pSD197/pKE203 




selection for Km MLS V 



PN25 



B. subtilis 
SD10/KE90 




yckGH 



ycxA 



Kig. 2. Insertion of a dimodular hybrid peptide synthetase gene in B. subtilis KE30. Schematic diagram showing the construction of the H. subtilis 
strains SDK) and KE90. Top, chromosomal locus of the srfA-dtlelkm site in B, subtilis KE30 [14]. Transformation of B. subtilis KE30 with the integra- 
tion plasmids pSD197 and pKE203 resulted in the chromosomal integration of the dimodular hybrid NRPS gene C^-^y^AAsp-PCP-C-Aj^- 
PCPV/j.^-jf, yielding the B. subtilis strains SD10 and KE90, respectively (bottom). 
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4 5 



175 kDa- 



i — 210 kDa 
I — 180 kDa 



83 kDa — ^ 



62 kDa ■ 




B 



3 4 



120 kDa. 
100 kDa- 



50 kDa — " 



-210 kDa 




I Alp 



Lei 



C s rf y A.^^(A A sp-PCP-C-ALeu-PCP) s rf / A_B2-3 

Fig. 3. Expression of recombinant dimodular NRPS genes in E. coli and B. subtilis. A: Cooniassie blue-stained SDS-PAGE confirming expression of 
C, r/ ;^,^-(AA, r -PCP-C-AL e i,-PCP) ir ^. B2 3-His 6 in if. subtilis KE90 (lanes 1-3), and E. coli MLS [pREP4,pKE203] (lane 4-6), as well as subsequent purifi- 
cation using Ni 2+ -NTA affinity chromatography. Lanes 1 and 4; Total cellular protein before induction; lanes 2 and 5: total cellular protein after 2 h 
induction with 0.1 mM IPTG; and lanes 3 and 6: dialyzed protein pools after Ni 2+ -NTA affinity chromatography purification. Utilizing heterologous 
expression in E. coli Ml 5 [pREP4,pKE203] f a partial degradation of the recombinant 210-kDa protein occurs, as detectable by the appearance of a sec- 
ond inducible protein band at about 180 kDa (lanes 4-6). B: Coomassie blue-stained SDS-PAGE confirming expression of C^-^/^AAsp-PCP-C-ALeu- 
VC?) sr f A -B2-3 in 11 subtilis SDK). Total cellular protein before (lane 1) and 2 h after induction with 0.1 mM TPTG (lane 2). Lane 3: Supernatant of 
broken cells after French Press. Lane 4: Restispended proteins after 55% ammonium sulfate precipitation. Lane 5: Protein pool after size exclusion 
chromatography (Sep h; id cx 200). Lane 6: Protein pool after anion exchange chromatography (Q-Sepharose). Lane 7: Protein pool after hydrophobic in- 
teraction chromatography (Phenyl-Sepharose). C: Schematic presentation of the d (modular hybrid NRPS constructed. The domains used for engineering 
are highlighted. 



promoter sequence resembles the vegetative sigma fac- 
tor-dependent promoter sequence in B. subtilis [16]. 
B. sub fills expression vectors, exploiting the T5 pro- 
moter, have been described previously [23). 

4. The pi asm ids provide an optimized promoter-operator 
element consisting of the T5 promoter and two modi- 
fied for- operator sequences. A chromosomal copy of 
lac. I is available in the amyEAoous of B. subtilis KE30 
[14]. 

5. The MCSs introduced in pSD193, pSD270, pKE151 
and pK.E17() permit translation of internal gene frag- 
ments (Fig. {). An ATG start codon is embedded into 
the recognition sites of the restriction endo nucleases 
Nco\ (OCATGG) and Nde\ (CAT ATG), respectively, 
and lias been positioned in optimized distance to the 
T5 promoter and the synthetic RBSII. In plasmids 
pSD270 and pKE170, a C-terminal His 6 -tag can be 
fused to the translated proteins. 



3.2. Overproduc t in n of a recombinan t dimo dula r pep t ide 
synthetase in E. coli and B. subtilis KE30 

All expression vectors constructed were tested for their 
performance in E. coli M15[pREP4] and B. subtilis KE30. 
Exemplary we describe here the comparative expression of 
a dimodular hybrid NRPS gene, which encodes the hybrid 
synthetase C^„^ 7 -(AAsp-PCP-C-A Lcu -PCP),,, ;/ ^„ J& 2---f (Fig. 
3C). This construct artificially links two NRPS domains, 
with an internal fragment of the surfactin synthetases B 
(Aasp-PCP-C-Alcu-PCP)^-^-.? N-terminally fused to 
the condensation domain of SrfA-Al [2], The resulting 
hybrid gene was cloned into the E. colli B. subtilis shuttle 
vectors to compare heterologous production of the hybrid 
NRPS in both host organisms. Cloning into pSD193 and 
pKE17() (Fig. 1) yielded the expression plasmids pSD197 
and pKE203, respectively. 

First, production of the hybrid dimodular NRPS in its 



S. Doekel et ailFEMS Microbiology Letters 216 (2002) 185-191 



90 



ABC 




Sfp- + - + Sfp- + - + Sfp- + - + 

Asp Leu Asp Leu Asp Leu 



Kig. 4. Covalent amino acid incorporation into the diniodular hybrid 
NRPSs. The comparative thiolation assay was performed using the re- 
cti m h i n a n t p ro te i 1 1 C, r/A _ Ar (A A sp -VCV-C- A Leil -VCP) iT f A . . B2 _ j -Hi s 6 d e- 
rived from E. coli M15[pREP4,pKE203] (A) and B. subtilis KE90 (B), 
as well as the untagged derivative ^^-^/-(AAsp-PCP-C-A^u- 
PCP).^ xj-j obtained from H. subtilis SDIO. The purified proteins 
were used straight as obtained after purification and after supplementary 
modification using the PPTase Sfp. The assays were performed using 
i he radio labeled substrate amino acids L-[ l4 C]aspartate, and L-[ l4 C|- 
leucine. In a control, no ATP was used (not shown). The reduced level 
of amino acid incorporation observed for the recombinant protein de- 
rived from B. subtilis SDK) can be related to lower protein concentra- 
tion used for the r.hioester-fonnation assay. 

Hi Stf -tagged form was investigated. The expression plas- 
mid pKE203 constructed was transformed in E. coli 
M15[pREP4] and B. subtilis KE30, respectively. In the 
latter case, correct and stable chromosomal integration 
was achieved by selecting for MLS -sensitive and kanamy- 
cin -resistant strains, and could be confirmed by 5'- and 3'- 
termina] sequencing for six transform ants. The obtained 
B. subtilis overproducer of C VT _/ / 4--- / 4/-(A Asp -PCP-C-A Ijeu - 
PCPWi H2 v-His 6 was designated KE90 (Fig. 2). Next, 
expression of the hybrid NRPS gene construct was ana- 
lyzed in E. coli and B. subtilis, and overproduction of an 
I PTG- inducible protein of the expected size (about 210 
kDa) could be determined in both organisms (Fig. 3 A). 
However, single-step Ni 2t -NTA affinity chromatography 
revealed a partial degradation of the E. co //-derived pro- 
tein, leading to an additional protein of about 180 kDa 
(Fig, 3 A). The putative degradation product was already 
present in total cellular preparations of E. coli. Strikingly, 
the B. subtilis-dsrwsd hybrid protein C iir yx„ j4 ;-(AAsp-PCP- 
C-ALen-PCP) iTj /^_£2-jf-His6 apparently remained stable. 

In order to verify this observation and to show that 
overproduction of NRPSs in B. subtilis is in fact advanta- 
geous, the previous experiment was repeated for the un- 
tagged variant of the NRPS hybrid protein. The corre- 
sponding gene fragment Q v; ^„^7-(A Asp -PCP-C-A Lell - 
PCP) AT /;/._ .B2~n was cloned into the E. coliJB. subtilis shuttle 
vector pSD193, yielding the expression plasmid pSD197. 
Again, the expression plasmid constructed was trans- 
formed in E. coli M15[pREP4] and B. subtilis KE30, and 
stable chromosomal integration in B. subtilis was achieved 
by selecting for M LS -sensitive and kan amy cin -resistant 
strains. Correct integration could be con finned by 5'- and 
3 '-terminal sequencing for 12 transformants, and the ob- 



tained B. subtilis overproducer of C^.^-^Asp-PCP-C- 
ALeu-PCP)^-/^ was designated SD10 (Fig. 2). Subse- 
quent overproduction of the hybrid NRPS again revealed 
an intrinsic instability of the E. co //-derived protein (data 
not shown). In contrast, no degradation could be observed 
in B. subtilis. This latter protein was partially purified us- 
ing 55% ammonium sulfate precipitation, size exclusion, 
anion exchange and hydrophobic interaction chromatog- 
raphy (Fig. 3). 

3.3. Biochemical characterization of the recombinant 
dimodular peptide synthetases 

As deduced from the domain structure of the recom- 
binant dimodular NRPS C^^^7-(A A sp-PCP-C-Ar eu - 
¥CV)s r fA the hybrid protein should be capable to 

activate the substrate amino acids L-Asp (SrfA-B2) and 
L-Leu (SrfA-B3) as amino acyl adenylates, and to incor- 
porate them in covalent thio ester binding. Thus, substrate 
selectivity of the hybrid NRPS was investigated by apply- 
ing amino acid-dependent ATP-pyro phosphate exchange 
reactions. For the recombinant protein heterologously 
produced in E. coli M15[pREP4,pKE203f a specific acti- 
vation of L-Asp and L-Leu could be measured, while no 
activation of the miscognate substrate L-Phe was ob- 
served. Likewise, a comparable selectivity could be ob- 
served for the dimodular hybrid NRPSs derived from 
B. subtilis SD10 and KE90, although activation efficiency 
for L-Asp was slightly reduced. 

Subsequently, the covalent incorporation of radiola- 
beled amino acids was investigated by using the thi- 
oester-formation assay (Fig, 4). Here, the extent of post- 
translation al modification was analyzed by a comparative 
in vitro modification with the PPTase Sfp. In the case of 
the dimodular NRPS protein heterologously produced in 
E. coli M15[pREP4,pKE203], virtually no incorporation 
of radiolabeled amino acids L-[ J4 C]Asp and L-[ 14 C]Leu 
could be detected. This indicates that the PCP domains 
were for the most part not converted in vivo from inactive 
apo to active, phosphopantetheinylated holo-form in the 
heterologous host E. coli. Following in vitro modification 
with the PPTase Sfp, however, an increased level of radio- 
labeled amino acid incorporation could be observed. In 
contrast, for hybrid NRPS proteins derived from B. sub- 
tilis SDK) and KE90, the capability to form aminoacyl-5 1 - 
(co -factor 4'-phosphopantetheine) thioesters was shown to 
be independent of a preceding in vitro modification using 
Sfp, and here, no further increase in thioester formation 
could be obtained. Apparently, due to the presence of the 
native PPTase Sfp in B. subtilis [2], the NRPSs are pro- 
duced in their active, pantetheinylated holo-form. 

4. Conclusion 

In the presented study, we report on a set of four de- 
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veloped shuttle vectors that allow parallel expression of 
recombinant genes in the heterologous hosts B subtilis 
and E. coli. By the example of a T5 promoter controlled 
expression of a dimodular hybrid NRPS, the advanta- 
geous utilization of B, subtilis for heterologous NRPSs 
production could be demonstrated. In contrast to E. coll, 
the proteins could be obtained in a stable, nondegradative 
and posttranslationally modified active holo-form. 

Due to the different codon usage in Gram-positive bac- 
teria, heterologous expression in B. subtilis may be advan- 
tageous compared to E. coli under certain conditions. 
Thus, notwithstanding the fact that this report focuses 
on heterologous expression of NRPS (hybrid) genes, we 
want to emphasize that the developed vectors also provide 
a useful tool for any B. subtilis-basQd gene expression [24]: 
(1) stable integration can be easily monitored; (2) expres- 
sion is strong, and growth phase-independent; (3) expres- 
sion levels can be controlled by adjusting the ratio between 
IPTG inductor and Lad repressor; and (4) optionally, 
overproduced proteins can be produced as C-terminal 
Hisc-tag fusions. 
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